Instantaneous angular speed (IAS) measurement using zebra tape has been presented as an advantageous tool for rotating machinery surveillance. Unfortunately, both butt joint and mounting imperfection of the zebra tape result in stripes with different widths, which cause the outliers appear in the acquired signal. This paper proposed a solution to accurately identify the outliers and define the angular displacement values represented by outliers in the condition of periodic fluctuation of speed. The procedure is based on K-means clustering method and Fourier series model. Specially, a series of algorithms take K-means clustering partitioning method as core, and is used for outliers identification; the Fourier series fitting model is used to analyze the angular displacement values represented by outliers. Experimental study was performed on a test rig to validate the method under different measurement conditions. The result of error analysis shows the effectiveness of the algorithm.
I. INTRODUCTION
Rotating machinery is important equipment in the industry of petroleum [1] , chemical, metallurgy, electric power [2] and machinery [3] . It is extremely important to make reliable and accurate fault diagnosis [4] , [5] and health evaluation [6] . Instantaneous angular speed is one of the important parameters to indicate the health status of rotating machinery [7] . In practice, the primary issue is to acquire accurate speed fluctuation signal. The signal generated by angular speed sensor represent the relationship between angular displacement and corresponding time duration. Commonly used angular speed sensors are photoelectric encoder [8] , photoelectric sensor [9] , magnetic pick-ups [10] , [11] and Hall effect sensors [12] , [13] , etc.
One important factor of sensors selection is the installation convenience. Gear disc used by hall sensors and magnetic pick-ups, photoelectric encoders all need to be installed on the tested rotating machine, so they have become the load The associate editor coordinating the review of this manuscript and approving it for publication was Cesar Vargas-Rosales.
of the system under test and maybe affected the test results. In addition, special gear disc and connecting shafts require a skillful installation to minimize eccentricity and misalignment [12] , thus they are unsuitable for on-site measurement.
The measurement method involved in this paper is based on analog-to-digital conversion (ADC), using photoelectronic sensor and zebra tape with equal-width dark and light stripes for signal acquisition. Zebra tape was pasted to the surface of the target to be measured and tracked by a photoelectronic probe Shown as Fig. 1 . This method is simple and feasible for on-site measurement. Unfortunately, both butt joint and mounting imperfection of the zebra tape, resulting in an individual stripe with different width, which cause the deviation between the measured value and real value of angular displacement represented by stripe and cause the suddenly changed points appear in the curves of the number of sampling points that passing through each group of stripes, the suddenly changed point is called outlier in this article. In the mode of ADC, the number of sampling points is used to calculate the time duration of corresponding angular displacement, and it will inevitably lead to the difference real and measured value of instantaneous angular speed (IAS). So, it is necessary to identify the outliers and define the angular displacement values corresponding to the outliers. In the previous studies, filtering method was used for single outlier identification [14] and the angular displacement value corresponding to the outlier was defined in the uniformly rotating or uniformly varying state [15] , but there are certain measured equipment, such as internal combustion engine, the uniformly rotating or uniformly varying state can only be achieved on the test rig. In the operating condition, speed fluctuates periodically. Based the reasons above, this article proposed a solution to accurately identify the outliers and define the angular displacement values by outliers. Different from existing methods, the algorithm can detect multiple stripes with abnormal width on zebra tape besides butt joint in the condition of periodic fluctuation of speed. The procedure based on K-means clustering method and Fourier Series Model. Specially, the number of sampling data that when each black and white group passing through the senor was exacted from raw sampling data, and then the exacted data series are fitted with the Fourier Series model and the distribution of response errors are analyzed, according to the characteristics of error distribution, the K-means clustering partitioning method is used for outliers identification; then the Fourier Series fitting Model was used again to analyze the angular displacement values corresponding to outliers, the difference is that the outliers have been removed from the fitting data sequence based on the previous outliers identified step.
Practical tests were performed on a test rig to validate the method under different measurement conditions, the result of error analysis shows the effectiveness of the algorithm.
II. IAS MEASUREMENT IN ADC-BASED METHOD A. THE MEASUREMENT PRINCIPLE OF IAS
The measurement of IAS is realized in the following difference discrete form: where ϕ is angular displacement and t is the corresponding time duration [12] . ω is taken as the instantaneous angular speed pass by ϕ, as shown in Fig. 2 . If applying IAS data to fault diagnosis or condition monitoring, continuous monitoring of speed fluctuation is needed. Therefore, it is necessary to divide the circumference into N angular displacements. The instantaneous angular velocity signal for each angular displacement is continuously collected and analyzed, as shown in Fig. 3 . 
B. ANGULAR DISPLACEMENT ϕ SIGNAL ACQUISITION
The speed sensor converts rotary position to an electrical signal. Therefore, the signal generated by speed sensor contains the information about angular displacement and corresponding time duration. There are contact or non-contact sensors could be used for signal acquisition, determined by test environment and requirement. The contact sensors require a skillful installation to minimize eccentricity and misalignment. Noncontact measurement has very high reliability, long mechanical life, high tolerance for axial movement and a good solution for electrically isolated applications. Non-contact sensors may be able to make use of some components of a machine to generate a signal [12] . In this article, the angular displacement was acquired with reflective photoelectric non-contact sensor and zebra tapes. Zebra tapes were pasted on the cylinder surface of the rotating disk to be measured, as shown in Fig. 4 .
When the measured disk rotating, the black and white stripes passes through the light spot emitted by sensor. Meanwhile, the sensor outputs square wave signal as shown in . Low electric level is output when the light spot is in the area of white stripe, and in reverse, high electric level is output when the light spot is in the area of black tripe. If zebra tape contains N groups of evenly distribute black and white stripes, and then the angular displacement of each group is ϕ = 2π N . ϕ corresponds to the wave in the middle of two consecutive rising edges in the sensor output signal, as shown in Fig. 6 . 
C. MEASUREMENT OF ELAPSED TIME t BETWEEN SUCCESSIVE PULSES
As described, angular displacement ϕ is represented as the part of two adjacent rising edges in a rectangular wave. In order to calculate angular velocity ω through ϕ, it is necessary to analyze the time t corresponding to ϕ. In fact, direct ADC method treats an angular speed signal as an ordinary analog one. During the measurement process, the analog speed signal is converted into digital data at a fixed sampling rate by ADC. At the same time, the time and amplitude information about the speed signal is recorded [16] . The information is then processed using an appropriate signal processing technique to extract IAS. Fig. 7 shows the process of acquiring angular speed data using an ADC system [12] . As shown, if the sampling rate of ADC is f c , the number of sampling point between two successive turning points is N c , then t can be described as:
N c f c And if the stripe groups of zebra tape have same width, IAS ω can be expressed as follows:
IAS measurement error comes from two sources: manufacturing imperfections [17] and constraints of measurement method. The manufacture imperfection of zebra tape refers to the mutational width of very few stripe groups, especially the misalignment of the stripe pattern at the butt joint of the two tape ends [14] . The constrains of direct ADC method is related to the sampling rate of ADC when the rotational speed keep constant. A straightforward method (A/D method) for the extraction of IAS from raw data is to detect the amplitude change. Two successive data values turning from negative to positive define a cycle of angular signal. But in practice, the turning points may not be precisely located. As shown in Fig. 8 , label 1 to 6 indicate the ADC sampling points. The time interval between 2 consecutive sampling points was defined by sampling rate of ADC. Sampling point 2 is the first point from low level(0V) to high level(10V). The same as sampling point 6, they are used to represent the turning points. The waveform between them is defined calculated cycle in this paper. But actual waveform cycle is the wave band between two consecutive turning points as shown as Fig. 8 . It can be seen that the measurement error in A/D method was caused by the inconsistency between the sampling point and the turning point. The turning points can be relatively precisely located using the zero detection technique [18] and etc. All these methods improve the re-sampling rate. Therefore, measurement error can also be calculated using the following method. Under the condition of uniform rotation, the maximum measurement error of angular displacement can be expressed as
where N c is the number of sampling points for the measured speed cycle, n is rotational speed count with RPM, f c is the sampling rate of ADC. The formula reveals that the maximum measurement error linearly increases with rotational speed, but higher sampling rate would result in smaller error.
III. EXPERIMENTAL SETUP
The measurement devices present in the test bench are schematically presented in Fig. 9 .
The main component of the test bench include: 1.PMSM (Three-Phase AC Permanent Magnet Synchronous Motor); 2.Elastic coupling; 3.Flywheel; 4.Axis; 5.Test disc & Zebra tape; 6.Photoelectric sensor.
The speed of PMSM is controlled by DC signal or sinusoidal signal. DC signal controls the motor rotation at uniform speed, the offset value of signal is proportional to the rotation speed. Sinusoidal signal controls the rotational speed fluctuates at a certain frequency, the average rotational speed is proportional to the offset value of sinusoidal signal.
Driven by PMSM, the rotating speed of tested disk could be constant or fluctuates at a certain frequency. The zebra tapes pasted on the cylinder surface of tested disk and the photoelectric sensor were used for IAS signal acquisition, as previously described.
At first, driven by PMSM, the rotating speed of tested disc presents periodic variation, experiments for butt joint identification were performed at different average velocities, different sampling frequencies and different stripe widths, test parameters are shown in Table 1 . Further, in addition to butt joint, there are other outliers are made artificially and to be identified.
Secondly, the angular displacement represented by normal stripes and butt joint was calibrated under a regular velocity condition, the sampling frequency is 100Khz and the obtained value was treated as a reference standard. Then, the experiments for the identification of angular displacement represented by butt joint were performed in the case of periodic fluctuation of rotational speed. Three test cases were designed and carried out on. The test parameters are shown in Table 2 .
At last, the test results are compared with reference standard value and the error analysis is presented.
IV. OUTLIERS OF ZEBRA TAPE IDENTIFICATION
As discussed previously, the tachometer signal is supplied by photoelectric sensor and zebra tapes pasted on the cylinder surface of measured target. During the measurement process, the ADC converts the analog speed signal into digital data at a fixed sampling rate. The time and amplitude information is then processed using an appropriate signal processing technique to extract IAS [12] . Fig. 7 shows the process of acquiring angular speed data using an ADC system. Such a system overcomes the drawbacks of other exiting solutions that are either expensive or require time-consuming and difficult to modify the shaft. On the other hand, the reliability of this simple system strictly depends on the width of strips over the tape [15] . Ideally, the strips (black and white group) have exactly the same width in order to define evenly distributed sectors. Unfortunately, due to the misalignment of the stripe pattern at the joint of the two tape ends [14] , the tacho moments are not evenly distributed over the measured disk. Such, the error exists between the ideal value and the actual values. In order to overcome this problem, a practical procedure for zebra tape identification is developed and implemented under the condition of cyclical fluctuation of speed.
A. BUTT JOINT (ROTATIONAL SPEED MUTATION) DETECTION
The original tachometer signal is shown as Fig. 10 . The signal was acquired at the fixed sampling frequency of 100kHz; the number of stripe groups was 44; velocity fluctuation frequency was 18.6hz; average speed was 196rpm; the highest speed was 222rpm and the lowest speed was 172rpm.
Focus on one cycle of original tachometer signal, shown as Fig. 11 , oscillation is obvious. In AD mode, just care about the jumping point from low voltage level to high voltage level, calculate the mean value of the maximum and minimum value of the signal, taking the average value as the boundary point of high voltage level and low voltage level, processing the voltage values of each sampling point in the original signal, the voltage value below the boundary value is treated as 0V, higher or equal to the boundary value is treated as 10V. After the shaping processing, tachometer signal is shown in Fig. 12 .
As can be seen from the figure, the width of some rectangular wave is wider than other one. This phenomenon is probably due to the width of the joint of the two tape ends is wider than normal one. But this phenomenon is not particularly obvious in this figure. In another way, to calculate t, we need to count the number of sampling point between two successive turning points, as shown in Fig. 13 .
It can be seen clearly in this figure, the overall wave motion presents periodic fluctuations, but some sampling points are obviously deviate from the curves, these points are called outliers. Identify the coordinates of these points in Fig. 13 , it can be found that the difference of the abscissa between two adjacent odd points is 44. This figure is in accordance with the num of black and white groups in one circle. So, the odd points is caused by the butt joint of zebra tape pasted on the circumference. Because its width is wider than normal grid, show as Fig. 14, the number of sampling points will increase suddenly when the butt joint goes through the sensor.
B. OUTLIERS IDENTIFICATION
From discussion above, the location of the butt joint is found by human analysis. To apply this method to real-time VOLUME 7, 2019 measurement and analysis of IAS, there should be achieving computer automatic identification of outliers. An algorithm is proposed for butt joint position identification in this section.
1) DATA SEQUENCE PROCESSING BY FOURIER SERIES MODELS
The Fourier series models is a sum of sine and cosine functions than describes a periodic. It is represented in either the trigonometric form or the exponential form. Trigonometric Fourier series model can be expressed as following form [19] .
where a 0 models a constant term in the data, ω is the fundamental frequency of the signal, n is the number of harmonics in the series, and 1 ≤ n ≤ 8. The fitting method is Nonlinear Least Squares. It is usually assumed that the response errors follow a normal distribution, and that extreme values are rare. Still, extreme values called outliers do occur. The main disadvantage of least-squares fitting is its sensitivity to outliers. Outliers have a large influence on the fit because squaring the residuals magnifies the effects of these extreme data points. To minimize the influence of outliers, the data is fitted with robust least-squares regression. The least absolute residuals (LAR) method finds a curve that minimizes the absolute difference of the residuals, rather than the squared differences. Therefore, extreme values have a lesser influence on the fit.
Fitting the sampled data series with two-term Fourier Series model. The plot is shown as Fig. 15 . It is noteworthy the presence of the two outliers (the points framed by red squares in Fig. 15 ). The difference between the abscissa values of these two points is 44, this number is in accord with the number of black and white grid groups on zebra tape. Therefore, it can be asserted that outliers are derived from the unavoidable misalignment of the stripe pattern at the butt joint.
2) DISTRIBUTION OF RESPONSE ERRORS ANALYSIS
As mentioned above, it is usually assumed that the response errors follow a normal distribution. The response error is defined as the difference between the observed value y i and the response valueŷ i .
error = y i −ŷ i
And the error could be expressed as
where the errors follow a normal distribution with mean value µ and constant variance σ 2 . The probability distributions of errors at different average speeds was shown as Fig. 16 . Fig. 16(a) to Fig. 16(h) indicate the errors distribution of average speed from 196rpm to 783 rpm, the sampling rate was 100 KHz and the number of stripe groups was 44.
3) K-MEANS CLUSTERING ANALYSIS FOR OUTLIERS IDENTIFICATION
It can be seen from normal distribution of the response errors that there is a clear regional distinction between normal points and odd points. To find natural groupings in data, cluster analysis could be used. In this section, K-means clustering analysis is used for creates groups of response errors data. K-means treats each observation in data as an object having a location in space. It finds a partition in which objects within each cluster are as close to each other as possible, and as far from objects in other clusters as possible [20] .
In accordance with the normal distribution shown as Fig. 16 , the results of K-Means cluster analysis are shown as Fig. 17 . Different color means different groups, obviously, the outliers are successfully identified.
In order to illustrate the effectiveness of identification methods for outliers, more analysis results under the condition of different sampling rate and different stripes width are shown in Fig. 18. And Fig. 19 .
The corresponding sampling rate of Fig. 18(a) to Fig. 18(d) is 100 kHz, 50khz, 25khz and 12.5khz, the average speed is 196rpm and the number of stripe groups is 44. Fig. 19(a) to Fig. 19(c) corresponds to the stripe width 2X, 3X and 5X. nX representing the different widths of stripe groups, as shown in Fig. 20 . The number of stripe groups corresponding to different widths were 110, 73 and 44, the sampling rate was 100Khz and the average speed is 196rpm. It can be seen that this method is still effective under different sampling rates and different stripe width.
More in-depth study of k-means clustering for outliers identification, another odd point was made artificially, as shown in Fig. 21.   FIGURE 21 . Butt joint and man-made odd point. According to the methods described above, the sampled data series (number of data collected per black and white stripe group) are fitted by Fourier Series Models. The fitting result is shown as Fig. 22 . Residuals errors are shown as Fig. 23 .
As shown in Fig. 23 , three curves: blue, red and green represents original data, regression values and residual errors. Obviously, the residual error caused by man-made odd point is more significant than that caused by butt joint. This is mainly because that the man-made outlier is exaggerated wide against butt joint. Therefore, in the normal distribution of residuals, the residuals caused by butt joint closer to the normal point than man-made odd point, as shown in Fig. 24(a) . The results of K-means cluster analysis are shown as Fig. 24 (b) . In these 2 categories, errors caused by butt joint falls into the normal group, but in fact, it still can be separated from normal point. So, if we define 3 categories, the result of K-means was shown as Fig. 24(c) , normal points, butt joints and man-made odd points are properly divided.
To test the result of recognition, more one odd point was artificially set up. Now, the zebra tape includes three odd points: one butt joint and two man-made odd points. The normal distribution of residuals and the result of K-means analysis was shown as Fig. 25 .
As it shown in Fig. 25 , that normal points and outliers are properly divided.
It can be seen from the above analysis results that k-means clustering is effective in distinguishing outliers from normal points.
V. ANALYSIS OF ANGULAR DISPLACEMENT REPRESENTED BY OUTLIERS
In order to analyze the angular displacement values represented by outliers, the Fourier Series fitting Model is used again. Fitting parameters are consistent with previous descriptions. Thanks to the previous odd points identified step, the outliers could be removed from the fitting data sequence. The fitting result without outliers is shown as Fig. 26 . To evaluating the goodness of fit, the goodness-offit statics is compared in Table 3 .
SSE: The sum of squares due to error. A value closer to 0 indicates that the model has a smaller random error component, and that the fit will be more useful for prediction.
RMSE: Root mean squared error. Just as SSE, RMSE value closer to 0 indicates that the fit is more useful for prediction.
R-square: This statistic measures how successful the fit is in explaining the variation of the data. Put another way, R-square is the square of the correlation between the response values and the predicted response values. R-square can take on any value between 0 and 1, with a value closer to 1 indicating that a greater proportion of variance is accounted for by the model.
It can be seen from the data in Table 3 that fitting result without outliers is obviously better that with outliers. So, the Fourier fitting model without outliers was used for angular displacement recognition.
The abscissa values of outliers are input to the fitting function to recalculate the corresponding ordinate value. The fitted response values are recorded asŷ i . This value is the number of sampling points if the butt joint has the same width with normal one. The actual number (vertical coordinate of point framed in Fig. 15 ) of sampling points is recorded as y i . Define a variable α i to indicate the ratio of angular displacement represented by the width of stripes. The α i of butt joint can be expressed as follows.
The value of α i for normal stripes is 1. So if the number of strips of zebra tape is m, the angular displacement represented by normal stripe can be expressed as follows. θ = 360 m i=1 α i The angular displacement represented by butt joint can be expressed as α i θ.
VI. EXPERIMENTAL STUDY
Operational tests were performed on a rotating test bench to validate the method under real measurement conditions. At first, the angular displacement corresponding to outliers was identified under a regular velocity condition, the sampling frequency is 100Khz, the obtained value was treated as a reference standard. In the subsequent tests, three test cases were designed and carried out on the test rig. Test parameters are shown in Table 2 . The results of each case are given respectively in Table 4 . -Table. 6. Under a fixed sampling rate, the maximum measurement error caused by A/D method under different rotating speed is shown in table as ''permissible error'' column. To reduce the measurement error, take the analytic value of two cycles (shown in the column ''first'' and column ''second'') and calculate the average value of them as the angular displacement value represented by butt joint (shown in the column ''Avg(1st + 2nd)''). The angular displacements represented by normal stripes are given in column ''Normal'', they are calculated form two successive cycles, separated by symbol ''/''. The speed of test bench was controlled by sinusoidal signal.
In case 1, the analysis results of different sampling rates are recorded in Table 4 (a)-4(d). In each table, the analysis results of average rotating speed from low to high were recorded successively. It can be seen from table that: 1) The measurement error of angular displacement corresponding to outliers are less than permissible error; 2) With the decrease of sampling rate and increase of speed, the trend of measurement error is increasing; 3) when the sampling rate is reduced to 12.5KHz, the variation of measurement error is especially significant and when the average speed is higher than 530rpm, shown as Run242, K-means clustering method used in this article can't realize the division of outliers and normal points.
In case 2, the frequency of sinusoidal speed control signal is adjusted to 5Hz, number of stripe pairs is 44, the sampling frequencies of ADC are 100KHz and 25KHz respectively. The results are given in Table 5 . It can be seen that when the frequency of speed fluctuation changes, the error of the analysis result is less than permissible error. The algorithm is still effective.
In case 3, zebra tape is changed to 73 stripe pairs. Sinusoidal speed control signal frequency is 18.6Hz, the sampling frequency of ADC is 100KHz. The angular displacement represented by outliers was identified under a regular velocity condition, the obtained value is 7.958 degrees and this value was treated as a reference standard. The test results are showing in Table 6 . It can be seen from these data that the algorithm is still effective. Therefore, the above presented algorithm works well for angular displacement identify of outliers in the condition of periodic fluctuation of speed. The main factors causing the measuring errors are sampling rate and rotational speed, setting appropriate parameters, the measurement error will be limited to required range [7] . 
VII. CONCLUSION
Zebra tapes are simple and low-cost means to track the angular motion of rotary equipment. It is well fit for field measurement as it doesn't need to design and develop new jig for installation. But unfortunately, their accuracy could be unacceptable due to manufacturing errors (e.g. stripes with different widths) or assembly problems, thus leading to the stripe group with abnormal width appears and pulses not perfectly coherent with the shaft angular position. Through the discussion of the principle and characteristic of the measurement method for instantaneous angular speed based on ADC, this article proposed a solution to accurately identify the outliers and define the angular displacement values corresponding to outliers under periodic fluctuant speed. The procedure based on K-means clustering method and Fourier Series Model. In particular, a series of algorithms based on K-means clustering partitioning method was used for butt joint and other man-made odd points identification, the experiment results prove the effectiveness of this clustering method applied to multi-outlier recognition; the Fourier Series fitting Model was used to analyze the angular displacement values represented by outliers. Practical tests were performed on a test rig to validate the method under different measurement conditions, the test results are compared with the reference standard values that are calibrated in the uniformly rotating state and the result of error analysis shows the effectiveness of the algorithm. Additionally, in fact, this paper provides a calibration architecture for angular displacement presented by stripes of zebra in the situation of periodic fluctuation of rotational speed. Therefore, after the calibration of the angular displacement represented by the stripes, it needn't to be calibrated again in the following tests. The calibrated angular displacement represented by the stripes could be used directly for the instantaneous angular speed analysis. It needs to be calibrated again only if the zebra tapes be replaced. Furthermore, the sampling rate of ADC is one of the most important factors affect the measurement accuracy, but it can be controlled to an acceptable level by adjusting the measurement parameters or increase the number of measurement cycles and calculating the average.
